Modeling photo-detectors in quantum optics 
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Photo-detection plays a fundamental role in experimental quantum optics and is of particular 
importance in the emerging field of linear optics quantum computing. Present theoretical treatment 
of photo-detectors is highly idealized and fails to consider many important physical effects. We 
present a physically motivated model for photo-detectors which accommodates for the effects of finite 
resolution, bandwidth and efficiency, as well as dark-counts and dead-time. We apply our model to 
two simple well known applications, which illustrates the significance of these characteristics. 
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I. INTRODUCTION 



All experimental quantum optics schemes ultimately 
rely on photo-detection to perform measurements. The 
role of photo-detection is even more important in the 
emerging field of linear optics quantum computing 
(LOQC) i, where in addition to providing measurement 
results, photo-detection is necessary for post-selection or 
conditioning, which is fundamental to all LOQC schemes. 

Typically, theoretical treatment of photo-detectors is 
highly idealized in the sense that it restricts analysis to 
the photon-number degrees of freedom. In practice, pho- 
tons have a modal structure far more elaborate than this, 
which includes, for example, spatial, spectral/temporal 
and polarization degrees of freedom. Photo-detectors 
themselves are sensitive to these additional degrees of 
freedom. Thus, accurate theoretical modeling of quan- 
tum optical systems necessitates a complete model for 
photo-detection which accommodates for effects in these 
additional degrees of freedom. This is especially the 
case when systems are subject to effects such as mode- 
mismatch Q, y, 1^ which inherently occurs outside of the 
qubit space. 

In this paper we present a physically motivated model 
for photo-detection which includes the effects of finite 
resolution, bandwidth and efficiency, as well as dark- 
counts and dead-time. We demonstrate our model by 
application to two simple example scenarios: conditional 
production of single photons from spontaneous down- 
conversion; and, Hong-Ou-Mandel interference 5]. 

We begin by reviewing present photo-detector mod- 
els and discuss the modeling of finite detection efficiency, 
dead-time and dark-counts. We then discuss the effects of 
detector resolution and bandwidth, and present a model 
for photo-detection which accounts for these effects. Fi- 
nally we demonstrate our model by applying it to the two 
example scenarios mentioned. 



II. PHOTON-NUMBER-RESOLVING 
DETECTORS 



The ideal photo-detector is a device which responds 
to the photon-number of an incident state, and is able 
to distinguish between different number states. Such a 
detector can be modeled by the measurement projectors 



\n){n\ 



(1) 



where n is the measurement result, corresponding to 
the number of photons in the incident state. Clearly 
this set of projectors forms a legitimate POVM, since 
^j^Q n„ — 1. Based on standard quantum measurement 
theory, the output state following measurement result n 
is given by 



(2) 



where normalization factors have been ignored (for sim- 
plicity we omit normalization factors throughout our dis- 
cussion). 



III. NON-PHOTON-NUMBER-RESOLVING 
DETECTORS 



Unfortunately, most presently available photo- 
detectors are unable to resolve the photon number of an 
incident state. Instead, they provide one of two possible 
measurement outcomes, or signatures: a click if one or 
more photons are incident on the detector; or, no click 
if no photons arc incident on the detector. 

Such a detector can be modeled simply as an ideal 
photon-number-resolving detector, and tracing over all 
detection outcomes which result in the desired signature. 
The physical motivation behind such treatment is that 
at the quantum level the detector is able to distinguish 

between different photon numbers, however the observer 

is unable to access this information. Thus, the output 
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2 



fibre loop 



Pont{dick) = tlnP^in 



(3) 



since n > 1 corresponds to the set of outcomes which trig- 
ger the desired signature. Similarly, a no click detection 
event can be modeled as 



Pout (no - click) = HopIIo 



(4) 



Many experimental quantum optics scenarios inher- 
ently require number-resolving photo-detection. This 
has motivated the examination of how non-number- 
resolving photo-detectors can be configured to approx- 
imate number-resolving detection. The basic principle 
of most such schemes is identical. An incident mode is 
spread across multiple, distinct output modes. In the 
limit of a large number of output modes, the probabil- 
ity of any given mode containing more than one pho- 
ton becomes negligible. Thus, by measuring these modes 
independently using non-photon-number-resolving detec- 
tors, the sum of all the detection events approximates the 
number of photons in the incident state. 

Most simply, such a scheme can be implemented us- 
ing an TV-port device 0, Hi , also referred to as a cas- 
cade network. This is simply a beamsplitter network 
which equally distributes an incident field across N out- 
put modes, as shown in Fig. ^ While very simple and 
elegant in principle, such a scheme requires N beamsplit- 
ters, which becomes unwieldy for large N. A variation 
on this approach has been suggested which operates non- 
deterministically f^, but which uses far fewer beamsplit- 
ters. 
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FIG. 1: Approximating a photon-number-resolving photo- 
detector using an A^'-port device. The A''-port distributes the 
incident field evenly across the A*' output modes, which are 
measured independently using non-number-resolving photo- 
detectors. 

An alternate approach is to use time- division multi- 
plexing (TDM) [lHinilI3> whereby the incident field is 
split into time-bins. Each time-bin is then measured inde- 
pendently using a non-number-resolving photo-detector. 
Such a scheme can be implemented using a low-loss 
fiber loop, which inefficiently couples to a photo-detector, 
shown in Fig. El After each round trip there is some low 
probability that a given photon will couple out to the de- 
tector. Otherwise it continues looping around the fiber. 
Thus, similar to the cascade approach, the photon arrival 
statistics are spread across multiple detection events to 
achieve low probability that multiple photons will trigger 
a single detection event. 
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FIG. 2; Approximating a photon- number-resolving photo- 
detector using time-division multiplexing. The incident state 
is coupled into a low-loss fibre loop using an electro-optic 
switch. Following each round trip, each photon will have some 
probability of coupling out to the detector via the weak cou- 
pler. 



A final approach is that employed by visible light pho- 
ton counters (VLPC's) J,, 13, 14] . Here an incident state 
is spatially dispersed and incident upon a detector array, 
which is able to respond independently to distinct spa- 
tial bins. Again, the underlying principle is the same as 
before. 



IV. FINITE EFFICIENCY DETECTORS 



Our treatment of photo-detectors thus far has been 
concerned with unit- efficiency detectors - ones which al- 
ways respond to photons incident upon them. In prac- 
tice, detectors always have finite efficiency. That is, even 
if a photon is incident upon a detector it need not neces- 
sarily trigger a detection event. 

Detector inefficiency can be modeled very simply 
by preceding a unit-efficiency detector with an rj- 
transmissivity beamsplitter, as shown in Fig. |3| r/ can 
be interpreted as the quantum efficiency of the detector 
or, equivalently, the probability that the detector will re- 
spond to any given photon. The transmitted modes are 
incident on the ideal photo-detector, while the reflected 
modes are traced out, thereby introducing mixing effects. 
The mixing arises as a result of ambiguity as to the true 
number of photons which trigger a given event. For ex- 
ample, in the presence of detector inefficiency an incident 
photon may still induce the zero photon signature. 

Formally, the output state following the n photon sig- 
nature can be expressed 



Pout n„tri.of UbspUIs Un 



(5) 



where Ubs is the beamsplitter operation with transmis- 
sivity 77, and we trace over the reflected mode. 
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FIG. 3: Model for an incfRcient photo-detector with quantum 
efficiency rj. The mode transmitted through the beamsphtter 
is incident upon an ideal number- resolving photo-detector. 
The reflected mode is traced out. 



with a simple modification of our previous model for an 
inefficient detector. Instead of assuming a vacuum state 
to be incident on the unused beamsplitter port, we now 
assume a thermal state of the form 



^ oo 

Pthermai = TTT tanh(r)" |n) (n| 

cosh(r) 

^ ' n=0 



(7) 



This 

Q2r 



models a thermal source of 



to be incident. 

temperature T = e'^'" — 1 and average photon number 
(N) = e^''sinh(r). For any given 77, an appropriate choice 
of r can model an arbitrary dark-count rate. This model 
is illustrated in Fig. 0| 



V. DEAD-TIME 

An effect related in nature to detector efficiency is that 
of dead-time. When a photo-detector clicks there is typ- 
ically a period after this during which the detector will 
be unresponsive. Such a phenomenon can be modeled 
using a variation of the inefficient detector model pre- 
sented previously. Instead of modeling the detector us- 
ing constant efficiency 77, we introduce a time-dependent 
efficiency function rjit). This function has the property 
that before a click it simply assumes the value of the 
detector's efficiency. However, immediately following a 
click it drops to zero for a period equal to the dead-time, 
after which it regenerates to its former value. The exact 
form of the function will depend on the physical processes 
causing dead-time. However, as a simplifying approxima- 
tion one could employ an inverted top-hat function of the 
form 



VcS, t < ^click 

r]{t) ^ { 0, tciick <t<t 

?7cff, t>t + Tdcad 



'^dcad 



(6) 



where rjcS is detector efficiency, fciick is the time at which 
a click event occurs, and Tdcad is the dead-time. 



VI. DARK-COUNTS 

In the models presented so far we have assumed the 
complete absence of dark-counts, whereby a detector 
falsely responds to non-existent or unwanted photons. 
This will introduce mixing effects in a manner similar 
to detector inefficiency. That is, there will be ambiguity 
as to the meaning of a given detection signature. Fortu- 
nately the effects of dark-counts can be kept extremely 
low using present day experimental techniques and can 
often be ignored. However, for completeness, we now 
consider how the effects of dark-counts can be modeled. 

We model dark-counts by assuming that their physical 
origin is stray photons entering from the environment. 
We assume the unwanted photons to be a thermal source, 
which couple into the detector. This can be modeled 
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FIG. 4: Jointly modeling dark-counts and detector ineffi- 
ciency using a beamsplitter and ideal photo-detector. The 
beamsplitter mixes the incident state with a thermal source, 
which is then incident on the photo-detector. 

With a thermal source of the form shown in Eq. [7| the 
probability of k dark-counts occurring (i.e. of k photons 
from the thermal source being reflected by the beamsplit- 
ter) can be expressed 



Pdc(fc) = 



1 °° / \ 

^)T.[iy-^Hrrv-Hl~v)' (8) 



It follows that the input state following detection can be 
expressed 

n-l 

Pout(f^) = Hriyo'rin + ^J3dc(n - i)fltpflt (9) 
i=0 



where p' — trrcf 



UbspU^s 



In other words, given the 



n photon signature, in addition to the desired term, the 
mixture will contain additional terms i for all photon 
numbers less than n, where the probability associated 
with each of these terms is the probability of n — i dark- 
counts occurring. 



VII. INFINITE RESOLUTION DETECTORS 

The various detector models discussed so far make 
varying assumptions about their response to photon- 
number. We now go on to consider their behavior in 
non-photon-number degrees of freedom. We specifically 
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consider detector spectral/temporal effects. However the 
discussion and models presented can be trivially modi- 
fled to encompass other degrees of freedom {e.g. spatial 
and polarization). 

If we assume a detector has a delta function spectral 
response, i.e. the detector responds only to photons of 
infinitesimal frequency w, the measurement projector for 
a single photon detection event can be expressed 



fliH = \u){lo\ 



(10) 



where |w) = d^(w)|0) is the single photon state at fre- 
quency Lu, and the subscript '1' indicates that this is a 
single-photon projector. Such a detector, in addition to 
telling us that we have exactly one photon, gives us per- 
fect information about its frequency, i.e. with infinite 
spectral resolution. 



VIII. FINITE RESOLUTION DETECTORS 

In practice, no detector, even in principle, can have in- 
finite spectral resolution. There will necessarily be some 
uncertainty in the frequency of an incident photon for 
a given detection signature. We now consider how we 
might generalize our model to accommodate for this. 

We begin by assuming a detector which is the closest 
analogue of the Hi detector, discussed in Sec.m That is, 
a detector which clicks if exactly one photon is incident 
upon it, and does not provide any information about 
its frequency. Such a detector can be modeled by the 
projector 



Hi = 



ni(w)dcj = / \Lu){uj\duj (11) 



It can be seen upon inspection that this projector re- 
sponds to the single photon state, while performing the 
identity operation in frequency space. It is not able to 
distinguish between different frequency components of a 
single photon state and consequently does not collapse 
the spectral wave-function. Specifically, 



i}{Lu)\uj) duj ^ i;{uj)\uj) duj (12) 



Hi 



This idea can be logically generalized to the n photon 
case as follows, 



ni(c^i). 



ni(a;„) duji . . . dujn 



(13) 

We now have models for two unrealistic types of photo- 
detectors, with infinite and zero resolution respectively. 
We are now in a position to consider the more realis- 
tic case of finite resolution photo-detection {i.e. where 
the resolution is greater than zero, but less than infin- 
ity). Such detectors will only respond to a certain range 
of frequencies, and with varying efficiency. This can be 



modeled by adapting our technique for modeling detec- 
tor inefficiency. Specifically, we precede a zero-resolution 
detector of the form shown in Eq.^] with a beamsplitter 
with frequency-dependent transmissivity r]{Lu). In princi- 
ple ri{uj) can assume an arbitrary form. We might expect 
that in reality the form would be approximately Gaus- 
sian. The exact form will be defined by the physical 
processes which constitute the detection process (for ex- 
ample, the absorption of a photon by an atom, or the 
refiective properties of the front window). 

The state following such a projection can be expressed 
in exactly the same form as Eq. [S] where Ubs is now the 
frequency dependent beamsplitter operation. 

In general, such a model is analytically complicated to 
work with due to the introduction of additional modes 
by the beamsplitter. The expression can be simplified 
significantly by introducing the approximation that ry(w) 
is a top-hat function. In this case the beamsplitter is 
always either completely transmissive or completely re- 
flective, mitigating the necessity to introduce additional 
modes and perform analytically complicated trace-out 
operations. It can easily be shown that the measurement 
projector is then formally equivalent to 



ni,^o = / n(w) duj 



(14) 



where uj^ is the centre frequency of the top-hat and 5 its 
half-width. We refer to 5 as the resolution of the detec- 
tion event. We will assume that a projection of this form 
corresponds to a classical readout of frequency ojq. Thus, 
this detector, in addition to providing information about 
photon number, provides an additional measurement pa- 
rameter, the frequency of the detection event, wq, with 
flnitc resolution 25. Such a detector cannot, in principle, 
discriminate between different frequencies in the range 
loq — 5 to loq -\- 5. The output state associated with the 
single photon detection signature loq can be expressed 



/5out(wo) = Hi, ^0 pill,, 



(15) 



The model for a finite resolution detector can be easily 
generalized to the multi-photon case, 



1-.5 



ujn — 5 



(16) 



where cJo = . . . ,^n} is the set of measurement re- 
sults for each of the n photons and we have again made 
the top-hat assumption. 



IX. FINITE RESOLUTION DETECTORS WITH 
IMPERFECT INFORMATION 

We have discussed the modeling of photo-detectors 
with finite spectral resolution, where a detection signa- 
ture bjQ is associated with some degree of uncertainty in 
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the actual frequency of the incident photon. While this 
may accurately describe the operation of actual photo- 
detectors at the microscopic level, it typically does not 
accurately describe macroscopic operation. Specifically, 
although a detector may produce the classical informa- 
tion ujo associated with a given detection event, it may 
be inaccessible to the observer. Instead the observer may 
simply observe the sum of the signals produced by the 
various microscopic detection events. For example, in 
time-integrated detection the observer sees a signal rep- 
resenting the sum of detection events in a given time win- 
dow, without gaining any information about the arrival 
times of the photons within that window. Such effects 
clearly introduce mixture into the state of systems. We 
now consider a more generalized photo-detector model 
which includes such effects. 

For simplicity, we discuss the single-photon case. How- 
ever, as previously, the model can be logically generalized 
to the multi-photon case. The output state following de- 
tection of a single photon, where spectral information is 
not accessible by the observer, will be an incoherent su- 
perposition of the form 



Pout{dick) 



Ilitri-c 



Hi dojQ 



. ^^^^ 

The beamsplitter operation Ubs is now a function of 
both frequency and the specific measurement result loq. 
Its transmissivity function can be expressed in the form 
ri{uJo,uj). This captures the fact that different quantum 
level detection events {i.e. different loq) will occur with 
differing efficiencies and spectral responses. Probability 
laws enforce the constraint 



(18) 



where rjcS {^) is the effective efficiency of the detector at 
frequency lu. In other words, for an incident photon of 
frequency oj, the sum of the probabilities of all available 
quantum level detection events occurring can be inter- 
preted as the detector's net efficiency at that frequency, 
which cannot exceed unity. Fig. O illustrates a conceptu- 
alization of this model. 

If we again make the simplifying assumption that the 
detector has a top-hat response (at both the microscopic 
and macroscopic levels), the state following such a mea- 
surement can be expressed 



Pout{dick) 



no+A 



ni,t^opni,,jod^^o (19) 



where flo is the macroscopic centre frequency of the de- 
tector, and A the macroscopic spectral half- width which 
stipulates the range of frequencies the detector responds 
to. We refer to A as the bandwidth of the detector. The 
parameters and S correspond to particular quantum 
level detection events. In Fig.jS] A can be interpreted as 
the width of the outer envelope and S as the width of the 
smaller inner curves. 




FIG. 5: Conceptualization of the detector model. The smaller 
inner curves represent the response functions of the different 
quantum level detection events, which are classically distin- 
guishable from one another. The outer envelope represents 
the macroscopic response of the detector. Knowledge of which 
quantum level detection event occurred is not available to 
the observer. Thus, the state following photo-detection cor- 
responds to the incoherent sum of all microscopic detection 
events within the macroscopic envelope. 



X. APPLICATION I: CONDITIONAL 
PRODUCTION OF SINGLE PHOTONS FROM 
SPONTANEOUS DOWN-CONVERSION 

One of the simplest applications of photo-detection 
where spatio-temporal effects are of significance is in 
the conditional production of single photons from en- 
tangled pairs produced through spontaneous parametric 
down-conversion sources. Such sources probabilistically 
emit pairs of photons into distinct spatial modes which 
are entangled in their spatio-temporal degrees of free- 
dom. Detection of a photon in one spatial mode im- 
plies the presence of a photon in the other mode with 
high probability. The production of single photons using 
this technique is widely employed in present-day quan- 
tum optics experiments and has been extensively studied 

111 111 El III E m m m . 

We consider a general source, which emits photon pairs 
of the form 



^l}{uji,LiJ2)(i' i^i)b'' {LJ2) dwi daj2 |0) (20) 



—00 ^ — 00 



where 'ip{uji, UJ2) is the joint spectral wave-function of the 
two-photon state. 

Upon conditioning on the detection of a single photon 
in mode a, using the photo-detector model of Ea. lTOI fie. 
when employing the top-hat simplifications), the reduced 
state of the other {.signal) mode is characterized by 

i-Uo+A / /-oo i-uio+S \ 

Psignai = / / / V'(wi, ^2)1^2) dwi da;2 

Jflo-A W-00 Juia-S I 

-0*(aji, W2)(w2| dcji dtJ2 dwo 



(21) 
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where we have traced out the detected modes so as to 
only consider the final state of the undetected mode. 

It is illustrative to consider the nature of this state 
in some limiting cases. When S ^ A and S ^ cr(-0) 
[i.e. in the limit where the uncertainty in the quantum 
level detection events is much less than both the detector 
and source bandwidths) , the output state approaches the 
form 



On-A 



?A([Jo, ^2)1^2) dcJ2 
V'*(t^o,t^2)(t^2| dtJ2 I dwo (22) 



Psignal 



The form of this state is equivalent to that reported in 
Ref. 19|| for the conditional production of single pho- 
tons from entangled pairs using time-integrated detec- 
tion. This is expected since time-integrated detection 
corresponds to having detectors with delta function re- 
sponse, but where this information is not accessible to 
the observer. 

The nature of this state varies enormously depending 
on the form of ^P{lui,lu2). Perhaps the most interest- 
ing cases are in the limits where the incident two-photon 
term is either maximally entangled or completely sepa- 
rable. Let us first consider the former case. Here all 
the off-diagonal terms of ipi^i,'.^2) are zero and the state 
reduces to 



Psignal 



Ho+A 



1-0(^0, Wo) I |wo)(wo|dwo (23) 



Despite having well defined photon number, this state 
is completely spectrally mixed. This comes about be- 
cause knowledge of which spectral component was de- 
tected in the other photon (but which is hidden from 
the observer) manifests itself in the conditionally pre- 
pared photon via the spectral entanglement between the 
two. The spectral distribution of the conditionally pro- 
duced photon is preserved, but truncated according to 
the macroscopic bounds of the detector's response. Now 
let us consider the opposing limit of spectrally separa- 
ble photons. Now the joint spectral wave-function can 
be factorized, ■(/'(wi, W2) = V'a(wi)V'b(w2), and the condi- 
tionally prepared state expressed 



Psignal ~ / |V'a(wo)|^ dwo 

/On -5 



X / -0b(w2)|w2) dwg 



(w2)(w2| dtJ:, 



(24) 



Unlike the former case, this state is spectrally pure. This 
is equivalent to the observation made in Ref. that 
to conditionally prepare pure single photon states, the 
incident entangled pair should be separable in the spatio- 
temporal degrees of freedom. 

We now consider the opposing detection limit where 
A ^ (5. Physically, this corresponds to a detector in 



which only a single microscopic level detection event may 
occur. In other words, the detector does not hide any 
information from the observer. Now the state can be 
approximated as 

(POO pflo+S \ 
/ / ^(wi, 0^2)1 W2) dtJi dw2 
J-ooJno-s / 

/ / V*(wi,a;2)(w2| dwi dw2 (25) 
J-ooJno-s J 

In stark contrast to the previous example, this state is 
spectrally pure, regardless of the form of 0(a;i,a;2)- The 
original spectral distribution is once again preserved, but, 
depending on the degree of entanglement between the 
two photons, may be truncated according to the bounds 
of the microscopic detection event. 

Based on these example scenarios we may quickly es- 
tablish the following criteria for the conditional produc- 
tion of single photons from entangled pairs: the spatio- 
temporal entanglement in the incident two-photon state 
should be minimized, and 5 should be as large as possible 
with respect to A. It is for the later reason that experi- 
mental realizations of such schemes typically employ very 
narrowband filtering and irising, since this effectively re- 
duces A while leaving 5 unchanged. 



XI. APPLICATION II: HONG-OU-MANDEL 
INTERFERENCE 

We now consider application of our photo-detector 
model to Hong-Ou-Mandcl (HOM) ||l interference. Here 
two photons are incident upon a 50/50 beamsplitter. Ide- 
ally, photon bunching occurs, resulting in the complete 
suppression of terms where a single photon is present at 
each beamsplitter output. Specifically, 



%s|l)a|l> 



V2 



(|2)a|0>b-|0)a|2)b) (26) 



where C/bs is the beamsplitter operation with 77 = 0.5. 
Photon distinguishability undermines this bunching ef- 
fect, resulting in coincidence events, where a single pho- 
ton is detected at each output. Thus, when the photons 
are perfectly matched on the beamsplitter, the coinci- 
dence rate is zero. However as we introduce photon dis- 
tinguishability, typically implemented via a temporal de- 
lay in one photon, the coincidence probability asymptot- 
ically approaches 1/2, the classical limit. This behavior 
is illustrated in Fig.|B|- the well known HOM dip. 

The operation of the scheme is typically quantified in 
terms of the HOM visibility^ defined as 



V ^ 



(27) 



where N^. and Ny, are the photon number operators for 
the beamsplitter output modes a and b, and (A'aA^b)max 
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FIG. 6: Ideal HOM dip where no mode-mismatch is present. 
{Na_Nh) is the coincidence probabihty and r is the magnitude 
of the temporal delay introduced into one of the photons (in 
units of the photons' temporal bandwidth). 



FIG. 7: HOM dip in the presence of mode-mismatch. The 
lower bound on (N^Nh) is enforced by mode-mismatch in the 
non-temporal degrees of freedom. 



and (Afa-^b)min are the maximum and minimum mea- 
sured coincidence probabilities as we scan through the 
difference in arrival time {i.e. the degree of photon dis- 
tinguishability) between the incident photons. This def- 
inition for the visibility is particularly useful since it is 
invariant under constant scaling of (iVaA^b) and can there- 
fore be applied directly to photon count rates, which are 
experimentally more readily accessible than expectation 
values. 

Mode- mismatch has the effect of placing a lower bound 
on the degree of photon indistinguishability. In other 
words, even when r = the photons will not be com- 
pletely indistinguishable as a result of distinguishability 
in other degrees of freedom (for example spatially) . This 
has the effect of placing a lower bound on (^a^b)min, 
which ideally ought to be 0, resulting in visibilities be- 
low unity. This behavior is illustrated in Fig. 7 is the 
integral overlap of the photon wave-functions in the non- 
temporal degrees of freedom and characterizes the degree 
of mode-mismatch, 



7 ^ 



V'a('^a)V'b (^b) dWAdwB 



(28) 



where uja and wb are the non-temporal degrees of free- 
dom of photons A and B respectively. 7 obeys < 7 < 1, 
where 7 = 1 corresponds to perfect mode-matching and 
complete photon indistinguishability. 

When employing ideal detectors (i.e unit efficiency, 
zero dark-counts, infinite bandwidth and zero resolu- 
tion), the coincidence rate can be expressed 



(A^aA^b) 



1 



-76 



(29) 



Upon applying our general detector model we find that 
(iVaiVb) retains this form, up to some constant factor 
which characterizes the probability of the detectors re- 
sponding to an incident photon. As discussed previ- 



ously, HOM visibility is invariant under constant scal- 
ing of {N^Nh). Thus, while the rate of photon counts 
will vary heavily depending on the detector characteris- 
tics (specifically the efficiency and bandwidth) , the actual 
HOM visibility is independent of the detectors' efficiency, 
resolution and bandwidth, provided they are identical. 
This result is in stark contrast to our observations in the 
previous section, where detector characteristics were of 
critical importance. 



XII. CONCLUSION 

We presented a physically motivated, general model for 
photo-detection. Our models allow for the effects of finite 
efficiency, resolution and bandwidth, as well as dead-time 
and dark-counts. Our ideas can be applied to any pho- 
tonic degree of freedom, including the spectral/temporal, 
spatial and polarization degrees of freedom. We demon- 
strated our model by application to two simple, well 
known situations - the conditional production of single 
photons from entangled pairs, and HOM interference. In 
the former case, detector characteristics were found to be 
of fundamental importance and have an enormous impact 
on the operation of the scheme. This is in contrast to the 
later case, whose operation is independent of the detec- 
tors spectral characteristics. This highlights the fact that 
the effects of photo-detector characteristics are highly ap- 
plication dependent, but, in general, of significant impor- 
tance. Having a general model for photo-detection is im- 
portant to modern quantum optics applications such as 
optical quantum information processing. 
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